We measured discrimination threshold for time to contact with a simulated approaching object at 20 locations between 0 and 32 deg eccentricity in the left, fight, upper, and lower visual fields. We also measured discrimination threshold for rate of expansion at the same 20 locations. At 0 deg eccentricity, discrimination of trial-to-trial variations in time to contact was virtually unaffected by simultaneous trial-to-trial variations of both rate of expansion and starting size, discrimination of trial-to-trial variations in rate of expansion was virtually unaffected by simultaneous trial-to-trial variations of both time to contact and starting size, and discrimination of trial-to-trial variations in starting size was virtually unaffected by simultaneous trial-to-trial variations of both time to contact and rate of expansion. We conclude that, in foveal vision, time to contact, rate of expansion and size can be processed simultaneously, independently and in parallel. Our main finding was that this independence progressively decreased as eccentricity increased. For example, in peripheral, but not in foveal vision, variations in rate of expansion produced illusory variations in time to contact. A secondary finding was that the effect of eccentricity on discrimination threshold for the task-relevant variable (whether time to contact or rate of expansion) was considerably less than the effect of eccentricity on visual acuity and on several other aspects of visual performance. We suggest that visual processing of time to contact is developed by exposure to optic flow patterns created by self-locomotion.
INTRODUCTION
When the awareness of physical danger creates a high level of alertness, it is easy to overlook the mindless reflex nature of the motor response to a sudden presentation of a visual looming stimulus in peripheral vision. In contrast, when the level of alertness is low and the mind is peacefully wandering, one is left in no doubt as to the reflex nature of the response. In such a situation it is difficult not to not:ice that the motor response to looming can be so fast that it seems to be well underway before conscious visual perception occurs, and that the mechanical forces produced can stress a body that is other than young and supple.
In the remote past an ,extremely fast reflex response to a looming stimulus (especially in peripheral vision) made sense in terms of species survival, because the retinal image of an object approaching on a collision course expands isotropically with zero translational velocity. A predator's most efficient and least bothersome tactic is to kill before the prey is aware of any danger, and a silent approach from the rear is a simple way of achieving this aim. Consequently, the prey's first sight of the predator is likely to be in peripheral vision, where poor acuity renders identification and recognition problematic. Notwithstanding Poincare's (1913) point that an expanding retinal image could signify a stationary object that is swelling rather than an object that is moving on a collision course, clearly the safest strategy when confronted with a looming stimulus in peripheral vision is to assume the worst and start evasive action as soon as possible. It may be relevant that the human visual system has a hard-wired bias to generate the percept of motion in depth rather than expansion when stimulated with an isotropically-expanding retinal image, and that when expansion is not isotropic, the bias is switched off .
Discrimination of time to contact seems quite different from the crude all-or-none response to a looming stimulus in peripheral vision just described. First, in some of the more dramatic demonstrations of judging time to contact, the incoming object is foveated rather than being viewed in peripheral vision. Examples include the +2 msec precision of judgement demonstrated by top class gamesplayers such as national-level cricket batsmen and table tennis players (Regan, Beverley & Cynader, 1979; Bootsma & van Wieringen, 1990; Regan, 1992) .
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Second, rather than responding reflexively as quickly as possible, a highly skilled individual takes time to visually assess the problem before initiating motor action--even when the ball will arrive in 0.5 sec or less . A computational basis for discriminative visual judgements of time to contact was first derived by the distinguished astronomer Hoyle (1957) in a footnote to his novel The black cloud. He pointed out that
T ~ O/(dO/dt)
( 1) where T is the time to collision with a rigid sphere moving at constant speed along the line of sight, and 0 is the small, (i.e. less than about 10 deg) instantaneous angular diameter of the object.* Following Lee (1976) , many authors have suggested that humans exploit the geometrical fact embodied in equation (1) to help guide goal-directed discriminative motor action in sport, highway driving and aviation (Lee & Lishman, 1977; Schiff& Detwiler, 1979; Todd, 1981; Kruk, Regan, Beverley & Longridge, 1983; Lee, Young, Reddish, Lough & Clayton, 1983; Warren, Young & Lee, 1986; Cavallo & Laurent, 1988; Bootsma & van Wieringen, 1990; Savelsbergh, Whiting & Bootsma, 1991; Sekuler, 1992) . These authors assumed, explicitly or implicitly, that humans can judge the time to collision with an approaching object independently of the object's size and rate of expansion. Only recently, however, was it shown that the human visual system contains a neural mechanism that is sensitive to the time to contact with an approaching object independently of the objects size and rate of expansion (Regan & Hamstra, 1993) , and even so this study was restricted to foveal vision. In everyday life it is often necessary to compare the time to contact with several approaching objects and, because it is impossible to foveate more than one object at a time, it may be necessary to judge the time to contact for objects viewed in the peripheral visual field. In this paper we report how the ability to discriminate time to contact varies over the visual field.
GENERAL METHODS

Apparatus
A bright solid green sharp-edged constant-luminance square was generated on a monitor (a Tektronix model 608 with P31 phosphor) using electronics of our own subtense and time to collision at time t = 0. Equation (2) is depicted graphically in Fig. 1 .
The luminance of the square was 150 cd/m 2 and it was superimposed on a homogenous green circular area of light of luminance 25 cd/m 2 and diameter 9.0 deg. Viewing was monocular from 85 cm, and the unused eye was patched. The room was dimly illuminated. The monitor itself was quite invisible. Other than the inaccurate and unreliable cue of accommodation (Collewijn & Erkelens, 1990) , no cue to absolute distance was available. The visual field location of the stimulus was varied by instructing subjects to fixate a small light that was placed at 85 cm from the eye.
Subjects
Three subjects were used. Subject 1 (author AV) was male, aged 28 yr. Subjects 2 and 3 were female aged 27 and 21 yr respectively. All subjects had uncorrected visual acuities of 6/6 or better in the eye tested.
EXPERIMENT 1
Methods
Psychophysical methods. The rationale of the psychophysical method used in Expt 1 can be understood by reference to Fig. 1 where the angular size (20,) of the stimulus square is plotted vs time (t) according to equation (1). The three curves are for times to contact of To, 2T0 and 3T0 respectively, and the starting size (i.e. 20o) is arbitrarily set at 2 deg.
Suppose that we presented a subject with several values of time to contact as illustrated in Fig. 1 , four of which were shorter than 2.0 sec and four of which were longer than 2.0 sec, and measured the just-noticeable difference from 2.0 sec. (Expt 3, in fact, followed this design.) We would be unable to conclude that the discrimination threshold measured was for time to contact, because the stimulus illustrated in Fig. 1 completely confounds time to contact with rate of expansion. The dotted lines in Fig. 1 
and 200 and To were, respectively, the square's angular T I M E T I M E T I M E *For objects moving at constant speed along a line directed wide of the eye the time to arrive at a point level with the eye is different from that given in equation (I), though for directions close to a collision course the approximation is close (Regan & Kaushal, 1994) . FIGURE 1. The angular size of the retinal image of a rigid spherical object that is moving at constant speed along the line of sight (ordinate) is plotted vs time (abscissa). Curves are shown for three times to contact: To, 2T 0 and 3T 0. The dotted lines illustrate that the initial rate of expansion of the retinal image is inversely proportional to the time to contact. Starting size is arbitrarily taken to be 2 deg.
VISUAL FIELD FOR TIME TO CONTACT 1847 progression 3; 2; 1 while time to contact increased according to the progression 1; 2; 3. Some authors have attempted to deal with this problem by randomly interleaving two or three values of starting size. This stratagem is not a complete solution to the problem, however, because it does not entirely prevent the subject from using rate of expansion as a cue to the task of discriminating time to contact. Consequently, if the subject were considerably less sensitive to trial-to-trial variations in time to contact than to trial-totrial variations in rate of expansion, the subject's responses might be partly or entirely based on trial-to-trial variations in rate of expansion, even though the subject was instructed to judge time to contact.
We have previously described a method for establishing retrospectively whether a subject's responses were based entirely on trial-to-trial variations in time to contact or entirely on trial-to-trial variations in rate of expansion (Regan & Hamstra, 1993) . In brief, the basic idea is as follows. We use a segment of the graphs in Fig. 1 between t = 0 and, at most, two-thirds of the time to contact. Suppose now that the ordinates in these three segments are multiplied by 1.0, 2.0 and 3.0 respectively. The initial rate of expansion (i.e. the slope of the dotted line) will now be the same for the three times to contact, and the rates of expansion will be approximately equal at corresponding values along the three segments for the three times to contact. Now suppose we construct a second and a third horizontal row by multiplying the ordinate in the top row by factors of 2 and 3 respectively. We now have a 3 x 3 array of stimuli in which time to contact varies horizontally, rate of expansion varies vertically, and starting size varies both horizontally and vertically.
In the present study we used an 8 x 8 rather than a 3 x 3 array of stimuli. In addition, rather than a 1; 2; 3 progression, time to comact varied horizontally according to the following progression: n-~°; n-°75; n 0.5; n -o.25; n0.25, nO.5; n0.75, n 1.0. (The value ofn set the difficulty of the task. We set n = 1.3.) Initial rate of expansion varied vertically according to the same progression. Our purpose in structuring the stimulus array in this way was to create a diagonal symmetry for starting size [see Fig. 2(D) ]. The ratio be~ween maximum and minimum starting size was n4:l. Presentation duration had a mean of 1.0 sec and was varied randomly between _+ 30% of the mean so that presentation duration never exceeded two-thirds of the time to contact.
The subject was provided with two buttons in the first two parts of Expt 1. In part l, the subject was instructed to press button 1 or 2 depending on whether time to contact was sooner or later than the mean of the set of 64 stimuli. In part 2, the subject was instructed to press button 1 or 2 depending on whether the rate of expansion was faster or slower than the mean for the set of 64 stimuli. Auditory feedback was provided. The subject's responses were stored in an 8 x 8 response array, which *We thank an anonymous reviewer for suggesting the inclusion of predicted patterns of response and Figs 2 and 3.
corresponded to the 8 x 8 stimulus array. In part 1, the response array was for time to contact judgements, and in part 2 for rate of expansion judgements. Each of the 64 cells in each of the two arrays had 16 repeats (i.e. 2048 responses in all). Data were collected at eccentricities of 0 and 32 deg in the left visual field.
In the third part of Expt 1, the subject was provided with six buttons, and instructed to give three responses following each presentation. In particular, the subject was instructed to judge whether time to contact was sooner or later than the mean for the set of 64 stimuli (button 1 or 2), whether rate of expansion was faster or slower than the mean for the set of 64 stimuli (button 3 or 4) and whether starting size was larger or smaller than the mean for the set of 64 stimuli (button 5 or 6). The subject was told that the computer would not accept any button press until the presentation was complete. No feedback was provided. The subject's responses were stored in three 8 x 8 responses arrays, each of which corresponded to the 8 x 8 stimulus array. Each of the 64 cells in each of the three arrays had 20 repeats (i.e. 3840 responses in all). Data were collected at an eccentricity of 0 deg.
Subjects. Subject 1 carried out Expt 1.
Response prediction * and data analysis. illustrate four patterns of response predicted from the structure of the stimulus array. In Fig. 2(A) we assume that the subject bases responses entirely on trial-to-trial variations of time to contact and ignores trial-to-trial variations in rate of expansion and starting size. In Fig. 2(B) we assume that the subject bases responses entirely on trial-to-trial variations in rate of expansion, and ignores trial-to-trial variations in time to contact and starting size. In Fig. 2(C) we assume that the subject confounds trial-to-trial variations in rate of expansion with trial-to-trial variations of time to contact, but ignores trial-to-trial variations in starting size. Trial-totrial variations in time to contact and trial-to-trial variations in rate of expansion were combined by linear summation with a relative weighting of 2.1 : 1 (see below for the reason for choosing this weighting). In Fig. 2(D) we assume that the subject bases responses entirely on trial-to-trial variations in starting size, and ignores trialto-trial variations in time to contact and rate of expansion. The major difference between the predictions shown in Fig. 2 (C, D) is that the 100% response prediction is for the largest rate of expansion and shortest time to contact in Fig. 2 to give a second psychometric function. Discrimination threshold with respect to time to contact was defined as "sooner than the mean time to contact" responses. Discrimination threshold with respect to rate of expansion was defined analogously. Discrimination thresholds were estimated from the psychometric functions by Probit analysis (Finney, 1971) . Then, the rate of expansion response array was analysed in the same way. Finally, discrimination threshold for starting size was obtained by applying Probit analysis to the starting size response array.
Results
Comparison of predicted response patterns with foveal and peripheral data. In Figure 3 (A) the subject was instructed to judge whether the time to contact of any given stimulus was sooner or later than the mean time to contact of the set of 64 stimuli (part 1 of Expt 1). Stimulus eccentricity was 0 deg. The pattern of responses was close to the Fig. 2 (A) prediction and quite different from any of the Fig. 2 (B-D) predictions. We conclude that, in foveal vision, the subject based responses on trial-to-trial variations of time to contact and ignored trial-to-trial variations in rate of expansion and starting size.
In Fig. 3 (B) the stimulus set was exactly the same as in Fig. 3(A) . Only the subject's instructions were different. In Fig. 3 (B) the subject was instructed to judge whether the rate of expan:~ion of any given stimulus was greater or smaller than the mean rate of expansion of the set of 64 stimuli (part 2 of Expt 1). Stimulus eccentricity was 0 deg. The pattern of responses was close to the Fig. 2 (B) prediction, and quite different from any of the Fig. 2 (A, C, D) predictions. We conclude that, in foveal vision, the subject based responses on trial-to-trial variations in rate of expansion, and ignored trial-to-trial variations in time to contact and starting size.
Compared with 0 deg eccentricity, at 32 deg eccentricity the subject was less able to base his judgements entirely on trial-to-trial wariations in time to contact [cf. Compared with 0 deg eccentricity, at 32 deg eccentricity the subject was far less able to base his judgements entirely on trial-to-trial variations in rate of expansion. Rather than resembling the response surface predicted in Fig. 2(B) , the response surface in Fig. 3(D) is rotated about its long axis so that it is intermediate between Fig. 2(B, D) . We conclude that, at 32 deg eccentricity, the subject did not ignore trial-to-trial variations in starting size when discriminating trial-to-trial variations in rate of expansion. In part 3 of Expt 1 the response patterns for judging time to contact and for judging rate of expansion were closely similar to those predicted in Fig. 2(A, B) respectively. The response pattern for judging starting size was similar to the prediction shown in Fig. 2(D) . We conclude that, in foveal vision, these three visual dimensions can be processed simultaneously and in parallel.
Comparison of discrmination thresholds in the fovea and periphery. The two psychometric functions in Fig. 4(A) . In Fig. 4 (B) threshold was so high that it was not possible to be more precise than to say that it was > 100%.] Figure 4 (C, D) were obtained from the Fig. 3(C) response array, and show that at an eccentricity of 32 deg the difference between the two psychometric functions was considerably less than in foveal vision. Although the subject's responses were still predominantly determined by the ratio Oo/(dO/dt)o, discrimination threshold in Fig. 5(B) . In Fig. 5(A) threshold was so high that it was not possible to be more precise than to say that it was > 100%.] Again the situation was quantitatively different at an eccentricity of 32 deg. Discrimination thresholds were approximately the same [30% in Fig. 5 (C) compared with 24% in Fig. 5(D) ].
In part 3 of Expt 1 the subject was required to process time to contact (TTC), rate of expansion (ROE) and starting size (SS) simultaneously. Foveal thresholds were as follows. TTC, 5.6% (SE=0.3%); ROE, 17% (SE = 0.8%); SS, 10.3% (SE = 0.5%). We conclude that discrimination threshold for TTC and ROE were little, if at all, lower when the two variables were processed one at a time than when TTC, ROE and SS were processed simultaneously, indicating that crosstalk was small.
EXPERIMENT 2
Methods
Psychophysical methods. In Expt 2, data were collected for judgements of time to contact and rate of expansion at 20 locations in the visual field between 0 and 32 deg eccentricity along the horizontal and vertical meridia. No data were collected for judgements of starting size. Otherwise the procedure was the same as in parts 1 and 2 of Expt 1.
Subjects. All three subjects carried out Expt 2.
Results
Effect of eccentricity on the ability to discriminate time to contact. The data shown in Fig. 6 were obtained by . The same stimulus set was used as in Fig. 2 , but the subject's task was to indicate whether the rate of angular expansion of any given stimulus was slower or faster than the mean of the stimulus set. Other details as for Fig. 2 . Subject 1.
instructing subject 1 to judge whether the time to contact for any given stimulus was sooner than or later than the mean for the set of 64 stimuli. The thresholds plotted in Fig. 6 were estimated from psychometric functions of the kind shown in Fig. 4 . Open circles (solid lines) were obtained by plotting the subject's response vs the task-relevant variable, and solid squares (dashed lines) were obtained by plotting the subject's responses vs the initial rate of expansion (a task-irrelevant material). The corresponding plots for subjects 2 and 3 were similar to Fig. 6 (graphs available on request). In a control experiment we repeated these measurements without feedback for 0 and 32 deg eccentricity for all three subjects. Thresholds were not significantly altered.
The main findings for all three subjects were, first, the separation between the task-relevant and taskirrelevant thresholds progressively fell with eccentricity in both vertical and horizontal meridia, though for no subject did the separation reach zero at 32deg. Second, the thresholds estimated by plotting responses vs the task-relevant variable (open circles) increased by only 1.5-3.5 times with eccentricity. In particular, between 0 and 32 deg eccentricity, task-relevant threshold rose by 3.3:1 in Fig. 6(A) , 3.5:1 in Fig. 6(B) , 2.6:1 in Fig. 6 (C) and 2.0:1 in Fig. 6(D) . Corresponding ratios for subjects 2 and 3 were 3.9:1, 2.3:1, 3.2:1, 2.5:1 and 2.7:1, 2.0:1, 1.5:1, 1.8:1 respectively.
For all three subjects the separation between the task-relevant and task-irrelevant thresholds and also the absolute values of the thresholds behaved roughly similarly in the left, right and lower fields. A secondary effect evident in Fig. 6 was that the separations between the task-relevant and task-irrelevant thresholds fell off more rapidly between 0 and 8 deg eccentricity in the upper visual field than in any of the other three visual fields. However, although subject 2 also showed this effect subject 3 did not.
Between 0 and 32 deg task-irrelevant thresholds in Fig. 6 (solid squares) fell by 11:1 in Fig. 6(A) , 17:1 in Fig. 6(B) , 18:1 in Fig. 6 (C) and 14:1 in Fig. 6(D) . Corresponding ratios for subjects 2 and 3 were 13:1, 17:1, 15:1, 15:1 and 6.2:1, 7.5:1, 9.0:1, 9.5:1 respectively. 
ECCENTRICITY (DEG)
FIGURE 7. Discrimination thresholds (ordinate) are plotted vs visual field eccentricity for vertical and horizontal meridia. The subject's task was to judge whether the rate of angular expansion of any given stimulus was slower or faster than the mean of the set of 64 stimuli. Fig. 7 were obtained by instructing subject 1 to judge whether the rate of expansion for any given stimulus was faster or slower than the mean for the set of 64 stimuli. The thresholds plotted in Figs 7(A-D) were estimated from psychometric functions of the type shown in Fig. 5 . Solid squares (dashed lines) were obtained by plotting the subject's responses vs the task-relevant variable, while open circles (solid lines) were obtained by plotting the subject's responses vs the initial value of the ratio (size/rate of expansion), a task-irrelevant variable. The corresponding data for subjects 2 and 3 were similar to Fig. 7 (graphs available on request).
Effect of eccentricity on the ability to discriminate rates of expansion. The data shown in
In a control experiment we repeated these measurements for 0 and 32 deg eccentricity without feedback. Thresholds were not significantly altered.
The main findings for all three subjects were, first, the separation between the task-relevant and task-irrelevant thresholds progressively fell with eccentricity in both vertical and horizontal meridia, and reached zero at eccentricities beyond about 20 deg. Second, thresholds estimated by plotting responses vs. the task-relevant variable (solid squares) increased by only 1.5-3.1 times with eccentricity. In particular, between 0 and 32 deg eccentricity, task-relevant threshold rose by 2.1:1 in Fig. 7(A) , 1.8 : 1 in Fig. 7(B) , 1.9:1 in Fig. 7 (C) and 1.5 : 1 in Fig. 7(D) . Corresponding figures for subjects 2 and 3 were 2.6:1, 1.9:1, 1.8:1, 1.8:1 and 3.1:1, 2.3:1, 1.7:1, 1.7:1 respectively.
Although the separation between the task-relevant and task-irrelevant thresholds fell off more rapidly in the upper visual field than in the other three fields in Fig. 7 , over the three subjects there was no clear systematic difference between the upper, lower, left and right fields with regard to the effect of eccentricity on the separation between the two thresholds.
Between 0 and 32 deg, task-irrelevant thresholds in Fig. 7 fell by 9.1:1 in Fig. 7(A) , 9.4:1 in Fig. 7 (B) 9.8:1 in Fig. 7 (C) and 8.9:1 in Fig. 7(D) . Corresponding figures for subjects 2 and 3 were 13:1, 14:1, 14:i, 11:1 and 2.9 : 1, 3.4:1, 2.5 : 1, 3.6:1 respectively.
The next three experiments were designed to obtain quantitative evidence as to why the separation between the task-relevant and task-irrelevant thresholds in Figs 6 and 7 progressively fell with eccentricity for all three subjects.
EXPERIMENT 3
Methods
Purpose. Experiment 3 was designed to simulate the situation for a subject who was selectively blind to trial-to-trial variations in starting size and, therefore, was forced to base judgements entirely on trial-to-trial variations in the dynamic component of the stimulus.
Apparatus and procedure. The apparatus and procedure were the same as in Expt 1 except that starting size was held constant (at 0.8 deg), thus removing any possibility that subjects might base their responses on trial-to-trial variations in starting size. Two further consequences of this change should be noted. First, there was no variation of any parameter along the Y direction within the stimulus array. Second, along the X direction within the stimulus array, the variation of time to contact was completely confounded with a variation in rate of expansion. In particular, the percentage change in time to contact along each horizontal row was exactly the same as the percentage change in rate of expansion. Thresholds were measured at eccentricities of 0 and 32 deg (left field) for all three subjects. No feedback was provided.
Results
Thresholds for the tasks of judging time to contact and rate of expansion are listed under TTC and ROE respectively in the Dynamic Only rows of 
Methods
Purpose. The intent of Expt 4 was to measure the subjective strength of illusory trial-to-trial variations in time to contact induced by trial-to-trial variations in rate of expansion.
Apparatus and procedure. Apparatus and procedure
were the same as in Expt 1 except that all eight vertical columns of the stimulus array were identical. This was achieved by holding time to contact constant. Time to contact was equal to tile mean value in Expt 1 (i.e. 2.0 sec).
Results
Subjective reports.
In foveal vision all subjects reported that stimuli appeared to move in depth as well as expand, but that the trial-to-trial variations in rate of expansion were much more evident than the trialto-trial variations in time to contact. At an eccentricity of 32deg (left field), subject 1 reported that trial-to-trial variations in time to contact were quite evident even though he knew that time to contact was in fact constant. Subject 3 reported that trial-to-trial variations in the rate of expansion predominated at both 0 and 32 deg eccentricity. Subject 3 also stated that the ROE task was easier in the "TTC Const." situation than in the "Dynamic + SS" situation because it was obvious tlhat there were fewer different stimuli (8 vs 64), and this made it easier to remember what the mean of the stimulus set looked like. Perhaps this is why her ROE task threshold was lower in the "TTC Const." situation than in the "Dynamic + SS" situation of Expt 1.
Psychophysical thresholds.
Thresholds for the tasks of discriminating trial-to-trial variations in time to contact and in rate of expansion are listed in the TTC Const. rows of Table 1 .
DISCUSSION
Comparison of the visual cues available in foveal and peripheral vision
Our main finding is that the separation between the task-relevant and task-irrelevant thresholds (open circles and solid squares in Figs 6 and 7) falls from a large value at 0 deg eccentricity to a small or zero value as eccentricity is progressively increased. This finding held for all three subjects. Our main conclusion concerns the ability to discriminate between different times to contact with an approaching object independently of the size and rate of expansion of the object's retinal image. This ability is high within the central visual field (within about 4-8 deg eccentricity depending on the subject and meridian). Our results suggest that, outside this central visual field, judgements of an object's time to contact would no longer be completely independent of the object's size. Foveal discriminations. Before considering possible explanations for this difference between foveal and peripheral vision we will discuss results for foveal vision. In several previous studies of time to contact, trial-to-trial variations in time to contact have perfectly correlated with trial-to-trial variations in rate of expansion. We mimicked this situation in Expt 3. For all three subjects threshold was 1.5-3 times lower when they were instructed to discriminate time to contact than when they were instructed to discriminate rate of expansion For each of the four kinds of stimulus, two sets of responses were collected. For one set, subjects were instructed to judge trial-to-trial variations of time to contact (TTC in Task column), and for the other set subjects were instructed to judge trial-to-trial variations in rate of expansion (ROE in Task colunm *O/(dO/dt)o and (dO/dt) were confounded in the stimulus.
( Table 1 : Stimulus, Dynamic Only; Task, TTC vs ROE). Nevertheless, we can draw no firm conclusion about discrimination thresholds for rate of expansion versus discrimination thresholds for time to contact because we have no way of knowing whether subjects carried out their instructions to ignore trial-to-trial variations in the task-irrelevant cue. Expts 1 and 2 addressed this problem.
The design of the stimulus array in Expts 1 and 2 allowed us to check, after the event, whether a subject's judgements were based entirely on trial-to-trial variations in rate of expansion or entirely on trial-to-trial variations in time to contact. Recollect the following two features of the Expt 1 stimulus array: (A) Initial time to contact varied horizontally within the 8 x 8 stimulus array while initial rate of expansion varied vertically, and starting size varied both horizontally and vertically, and (B) the percentage variation in time to contact and in initial rate of expansion was the same.
Suppose that subjects had based their responses entirely on trial-to-trial variations in starting size in Expts 1 and 2. Because starting size varied in the same way along horizontal and vertical axes of the 8 x 8 stimulus array, we would expect that similar psychometric functions would be obtained by collapsing responses onto the horizontal and vertical axes of the 8 x 8 response array and indeed this was experimentally verified for both foveal vision and at 32 deg eccentricity when we removed the dynamic component of the stimulus. In contrast, in Expt 2, the two psychometric functions were very asym- 3(A, B) ]. We conclude that subjects did not base judgements on trial-to-trial variations in starting size.
When the task was to discriminate trial-to-trial variations in time to contact in foveal vision, all subjects gave a much lower threshold when responses were plotted vs the task-relevant initial time to contact rather than when responses were plotted vs the task-irrelevant initial rate of expansion (Table 1: Stimulus, Dynamic+SS; Task, TTC). This large asymmetry indicates that in foveal vision subjects ignored not only trial-to-trial variations in starting size but also trial-to-trial variations in rate of expansion and based responses entirely on trial-to-trial variations in time to contact. This large asymmetry was reversed when the subject's task was changed from discriminating time to contact to discriminating rate of expansion (Table 1 : Stimulus, Dynamic + SS; Task, ROE). This reversed asymmetry indicates that, when instructed to do so, subjects ignored trial-to-trial variations in both time to contact and starting size. (Note that the stimulus set remained unchanged when the subject's instructions were changed.) A further point: because the corresponding thresholds in Expts 2 and 3 were rather similar for all three subjects, we conclude in hindsight that subjects successfully ignored the task-irrelevant cues in Expt 3.
Peripheral discriminations. Now we discuss time to contact discrimination in peripheral vision. In Expt 2, the chief difference between the foveal and peripheral data is that the difference between the task-relevant and task-irrelevant psychometric functions obtained from any given response set is much smaller in the periphery than in the fovea [cf. Fig. 4(C, D) with Fig. 4(A, B) ]. There are several possible causes for the comparatively small difference between the task-relevant and the taskirrelevant thresholds in peripheral vision. One possibility is that in peripheral vision, a subject might be selectively blind to trial-to-trial variations in the dynamic component of the stimulus so that responses in Expt 2 would have been based on trial-to-trial variations in starting size. We tested this hypothesis by removing trial-to-trial variations in starting size so that the only remaining trial-to-trial variation was in the dynamic component of the stimulus. All three subjects were able to carry out the task at an eccentricity of 32deg (left field), though thresholds were higher than the corresponding foveal thresholds. A second finding was that the empirical pattern of responses at 32 deg eccentricity was quite different from the pattern of responses predicted on the assumption that responses were based entirely on starting size [Expt 1, Figs 2(D) and 3(C)]. We conclude that, although sensitivity to the dynamic component of the stimulus falls off with eccentricity, no subject was blind to the dynamic component at an eccentricity of 32 (left field).
For subject 1, thresholds for the Dynamic Only situation at 32deg were similar to corresponding thresholds for the Dynamic + SS situation (26% vs 21% for TTC and 31% vs 30% for ROE; see Table 1 ). We conclude that, for subject 1, sensitivity to the dynamic component of the stimulus is sufficient to account for time to contact discriminations in Expt 2. The qualitative difference between the pattern of responses in the time to contact task [ Fig. 3(C) ] and the Fig. 2(D ) prediction confirm this conclusion that the subject ignored trial-to-trial variations of starting size.
The qualitative agreement between the Fig. 3 (C) data and the Fig. 2 (C) prediction is consistent with the hypothesis that, in the peripheral visual field, trial-totrial variations in rate of expansion produced an illusory percept of trial-to-trial variations in time to contact. Experiment 4 provided quantitative support for this hypothesis (Table 1 : Stimulus, TTC Const.; Tasks, TTC and ROE).
The evidence discussed above leads us to conclude that illusory percepts are an important reason why, for time to contact discrimination, the separation between the task-relevant and task-irrelevant thresholds in Fig. 6 decreases with increasing eccentricity.
A suggested physiological basis for the difference between foveal and peripheral discriminations. In physiological terms, one possible explanation for the data of Figs 4 and 5 is that the human visual pathway contains two hard-wired, foveally-driven neural mechanisms, one sensitive to dO/dt but quite insensitive to the ratio O/(dO/dt) and the other sensitive to the ratio O/(dO/dt) but quite insensitive to dO/dt, and the output of one or the other mechanism is selected at will by efferent (i.e. descending) task-depende.nt neural signals. Because the design of part 3 of Expt 1 required TTC and ROE to be processed simultaneously, we conclude that the two filters operate in parallel and with little, if any, cross-talk in foveal vision. In peripheral vision, we propose that a given percentage (x %) change in rate of expansion (with time to contact held constant) produces a spurious output from the O/(dO/dt) filter.
When the subject's ta,;k was to discriminate rate of expansion in peripheral vision, task-relevant and taskirrelevant thresholds were similar. We suggest that subjects could not ignore trial-to-trial variations in starting size for peripherally-viewed stimuli. The basis for this suggestion is the qualitative agreement between the data shown in Fig. 3(D) and the prediction shown in Fig. 2(D) .
Effect of eccentricity on threshold values
In the present study, stimulus square size was independent of visual field location; we did not scale for cortical magnification factor. Nevertheless, eccentricity had only a small effect on task-relevant threshold values. Compared with the fovea, threshold for time to contact increased by only 1.4:1 at 8 deg eccentricity in the left, right and lower fields (3.8:1 in the upper field), by only 2.2:1 at 20 deg eccentricity in the left, right and lower fields (3.7 : 1 in the upper 1field). Comparable increases for rate of expansion threshold are 1.4:1 at 8 deg eccentricity in the left, right and lower fields (1.6:1 in the upper field), and 1.8 : 1 at 20 deg eccentricity (2.6:1 in the upper field). When stimulus size is held constant [i.e. not scaled for cortical magnification factor (Daniel & Whitteridge, 1961; Drasdo, 1977) ], vi..sual acuity falls six-fold within the first 8 deg and roughly 10-fold within the first 20 deg (data of Wertheim~ 1894 and Weymouth, 1958 collated by Westheimer, 1979; McKee & Nakayama, 1984; Virsu, Nasanen & Osmoviia, lC~87) . Furthermore, when stimulus size is held constant, several kinds of visual performance fall at the same rate or even faster with eccentricity than does grating acuity. These include vernier acuity (Westheimer, 1982; Levi, Klein & Aitsebaomo, 1985; Wilson, 1991) , bisection acuity (Virsu et al., 1987; Yap, Lewi & Klein, 1987) , threshold for relative motion (shearing/compressive) within a randomdot pattern (McKee & Nakayama, 1984; Regan & Beverley, 1984) and threshold for oscillatory motion of a 1 deg bright square (Regan & Beverley, 1983a) . Contrast threshold for a grating of constant field size increases with eccentricity at a rate that depends on spatial frequency, but even at 2 c/deg is roughly 20 times higher at 20 deg than at 0 deg eccentricity for a grating of diameter 3.8 deg (Graham & Robson, 1981; Regan & Beverley, 1983b) .
Discrimination thresholds for TTC and ROE are not the only thresholds that are little affected by eccentricity when stimulus size is held constant. Under many conditions the ability to discriminate directions of motion in three dimensions is invariant across the visual field (CroweU & Banks, 1993) . Also, speed discrimination threshold for a bar is little affected by eccentricity (Orban, Van Calenbergh, DeBruyn & Maes, 1985) , provided that the reference speed of the bar is greater than roughly 16 deg/sec (though the fastest speeds in our study were considerably slower than 16 deg/sec).
A developmental hypothesis
As mentioned in the Introduction, adult humans show a very fast reflex motor response to a looming stimulus especially when attention is distracted and the stimulus is unexpected. This response is not restricted to adults; a motor response to looming is clearly evident in infants as young as 2 weeks (Ball & Tronick, 1971; Bower, Broughton & Moore, 1970; Dunkeld & Bower, 1980; Nanez, 1988) . We propose that visual sensitivity to dO/dr is present from early infancy and is the basis for the infant's reflex response to looming. We further propose that sensitivity to the ratio 0/(d0/dt) independently of dO/dt is not present in early infancy, but rather is developed and progressively refined during later life by persistent attempts to guide self-motion so as to avoid collisions with objects (Regan & Beverley, 1979, footnote 4) .
Reliable judgements of time to contact demand a visual sensitivity to the ratio O/(dO/dt) that is independent of both 0 and dO/dt. Our finding that this independence is progressively lost as retinal eccentricity is increased is consistent with our hypothesis that exposure to the optic flow patterns created by self-locomotion in early life progressively develops a neural mechanism whose sensitivity to O/(dO/dt) is combined with insensitivity to both 0 and dO/dr, because the stimulus necessary for this visual development is much weaker in the peripheral visual field. In particular, if the direction of gaze roughly coincides with the direction of self-motion through a three-dimensional world, the predominant effects of self-locomotion are that retinal images of nearby objects in the central visual field expand with comparatively little translational motion while retinal images of nearby objects in peripheral vision predominately translate. The looming reflex is a different story. As mentioned already, a looming stimulus might appear anywhere in the visual field, and a looming stimulus in peripheral vision might be the most threatening of all. Our finding that discrimination threshold for dO/dt increases by only 1.5-3.1 times as eccentricity is increased from 0 to 32 deg is consistent with this reasoning.
Some possible roles for visual sensitivity to rate of expansion
Although the comparatively crude all-or-none reflex response to a looming stimulus in peripheral vision may well have been important for the long-term survival of an individual's genes in the remote past, it has attracted much less research attention than foveal judgements of time to contact. As discussed above, the visual system of modern adult human contains a neural filter sensitive to O/(dO/dt) independently of both 0 and dO/dt that, in central vision, could do double duty by providing a sufficient physiological basis for a crude all-or-none evasive motor response to a looming threat as well as for judging time to contact in skilled goal-directed motor action such as braking a car, landing an aircraft, catching a ball and so on. What then, might be the function of the dO/dt filter in the central visual field of modern adult humans?
One possibility is as follows. In previous reports we have described evidence for a looming detector, i.e. a neural mechanism that is sensitive to a rate of change of size of a retinal image while being insensitive to the translational velocity of the retinal image (Regan & Beverley, 1978 Regan, 1986) . We showed that a looming stimulus could generate either a motion-indepth aftereffect or a changing-size aftereffect, and that there was a substantial antagonism between the two percepts . But previous to the Regan and Hamstra (1993) report we did not clearly distinguish between responses to dO/dt and responses to O/(dO/dt). Longuet-Higgins and Prazdny (1980) pointed out that our postulated looming detector could be regarded as a rough physiological equivalent to a div V detector, and indeed looming detectors are preferentially excited at exactly these locations within an optic flow pattern where div V is maximal Regan, 1986) . On this basis we suggested that the role of local sensitivity to dO/dt might be to identify the regions of maximal div V in the pattern of visual flow caused by moving through a threedimensional environment Regan, Kaufman & Lincoln, 1986) . One advantage of this kind of analysis is that it would be independent of eye rotation and position of gaze (Koenderink & van Doorn, 1976; ). Now we turn to a quite different possible function of local sensitivity to dO/dt. Quite apart from the empirical question of how the eye achieves figure-ground segregation in practice, there has been considerable recent interest in the more theoretical issue of how, in principle, the image of an object can be segregated from its surroundings on the basis of retinal image information alone (Marr, 1982) . The attention of theoreticians has been largely focused on luminance contrast cues to figure-ground segregation but, as noted previously (Regan, 1986) , local maximum of div V can provide information about the location of an object's edges that complements information provided by luminance contrast. For example, if an observing eye is moving directly towards a textured flat surface that subtends less than about 10deg, the value of div V is approximately uniform over the retinal image of the surface (Regan & Beverley, 1982) . If other textured objects in the visual field are more distant than the surface, more distant texture is continually being occluded by the surface so that the value of div V near the retinal image of the edge of the surface is much larger than within the retinal image of the surface. Furthermore, if the observing eye translates in a direction other than normal to the surface, motion parallax creates local extrema of div V around a large part of the edge of the surface.
